ior. Their distribution type guides the subsequent failure and is, therefore, of crucial importance [1] . Generally, imperfections are generated by the mutual obstruction of adjacent material areas during manufacture. In terms of welding, those are due to temperature gradients and phase transformation. Depending on manufacturing parameters, boundary conditions and material properties, different more or less characteristic imperfections are created. Manufacturing parameters encompass welding parameters, Many standards including Eurocode 3 (EC 3) permit the use of nonlinear finite element method (FEM) calculations. The development in this field enables users to perform "experiments" in computing software instead of the laboratory or expensive in-situ experiments. Nonetheless, a sufficient implementation of all relevant input parameters remains a major task in the performance of such analysis. Compressive residual stresses and initial deformations cause strictly nonlinear component behavWelding is the most important joining technique and offers the advantage of customizable plate thicknesses. On the other hand, welding causes residual stresses and deformations influencing the load carrying capacity. Their consideration in the design requires simple and fast models. Though welding simulation has contributed to accurately access to these values nowadays, their application to large components remains still in a less practicable range. Nevertheless, many studies emphasized the need to make corrections in recently available simplified models. Especially the influence of residual stresses seems somewhat overestimated in many cases if comparing conventional structural steel S355 and high-strength steel S690. In times of computer-aided design, an improved procedure to implement weld-inducted imperfections appears overdue. This will be presented in two parts. The first part illustrates the potential influence of post-welding imperfections exemplified for weak axis buckling in comparison with the general method in accordance with Eurocode 3. Residual stresses and initial crookedness were varied systematically in order to produce a scatter band of capacities. An approach to characterize the borders of these imperfections was undertaken before that. The excessive scattering of reduction factors for the load bearing capacity demonstrates the importance of these variables. Results were finally evaluated against advanced simulation models which will be further detailed in part two of this contribution.
Gas metal arc (GMAW) and submerged arc welding (SAW) are the most applied welding techniques during preproduction. They can be fully mechanized. To some extent, variation in results remains random. However, the scatter is significantly reduced in comparison with manual welding which is used on the site mainly. For this reason, it appears likely to make use of welding simulation tools made available in recent years. Industrial applications are known from mechanical engineering [4] and car manufacturing [5] . A greater application in steel construction remains uncertain though as the calculation effort and costs do not always necessarily balance the benefits of such analysis [6] . The application to large structures with several meters weld length is hardly possible today. By providing specialized software tools, the user input has been eased, but calibration and computation of the model remains expensive. The necessary discretization density around the weld and slender time stepping require immense computational effort being in the range of days even for small models [7] . Hence, the use of simplified modeling strategies remains of importance [8] . A modified procedure, suitable for the design, was presented in [9] . This will be detailed in part two of the present contribution. At first, it is important to get some idea of potential savings. Such information can be derived from numerical parameter analysis which is presented in the following.
Types and scatter of imperfections
Before moving on with the parameter study, some input parameters of this study have to be detailed. EC 3 as well as other standards distinguish so-called geometrical and structural imperfections.
Geometrical imperfections. Geometric imperfections are deviations from the ideal shape. For plated structures, the imperfections can be either global or local. Local buckling is not a particular part of this investigation, meaning that only cross sections classes 1-3 are dealt. Generally, imperfections are introduced as eigenmodes scaled to some magnitude. Typically magnitudes are defined in common with state-of-the-art manufacturing tolerances. Imperfections of the ideally straight and untwisted component may be further divided into deviations due to assembly and deviations of the member axis. The latter are referred in here. Those can be divided again into out-of-straightness (crookedness) and twist. In case of flexural failure (treated in the parameter study), the initial crookedness in each, y-and z-, direction is the relevant imperfection.
The permitted initial out-of-straightness is normally expressed as a fraction of the length of the member. EN 1090-2 defines the maximum by L/750. This value may seem rational, but it is not necessarily the right choice in the context of a probabilistic safety concept. Assuming that the statistical distributions of the initial deformations were known, it would be possible to calculate the design values to be used. However, it is not and measurements are rare. The suggested level of imperfections equal to 0.8 times the tolerance limit is based on plain engineering judgement [10] . A quite well-known magnitude used in numerical calculations is found by a thousandth of the length. The European Convention for Constructional Steelwork (ECCS) and the US Structural Stability Research Council (SSRC) used this value in the development of multiple buckling curves. The initial outof-straightness is, on the other hand, basically a function of the manufacturing process, and some columns tend to be very straight while others do not. In favor of standardization, this was, however, necessary to limit the number of buckling curves to some reasonable amount [11] . Later, the SSRC recommended using L/1500, because this was closer to the average (L/1450) measured in laboratory columns. This value was also adopted by AISC as the governing out-of-straightness criterion.
Data for welded wide-flange shapes indicate a relatively small initial crookedness with an average of approximately L/3300 [12] . Nevertheless, reliable data are limited. Measurements presented in [13] have also shown quite small, but also variable values, though welding parameters were kept more or less similar, see also Table 1 . The measurement was conducted using a photogrammetry system (TRITOP) combined with a 3D scanner (ATOS II Triple Scan). A 3D model was created and aligned in space (x is the girder axis, y-and z-axis according to Figure 2a) . The out-of-straightness was defined as the deviation to a straight line connecting the end center points. The shape of the bent member is typically thought to be that of a half sine wave. The real configuration. on the other hand, can be quite complex.
Modified amplitudes for the model with sinusoidal shape were recalculated. It was found that deformations are quite different with regard to the axis. Values tend to be generally higher for the deformation about the strong axis. This is expected to be due to the weld locations and the weld sequencing. However, the complexity of the bent indicates that deformations are not just due to welding. Staightness of the plates to be welded and assembly are expected to have a strong additional influence. This is particularely the case for cross sections where the positioning of welds is symmetric.
It seems, generally, rare to encounter columns with the out-of-straightness larger than the maximum permitted (and if so, those would be passed again for straightening). Nevertheless, a uniform definition throughout all types of sections is necessarily conservative. Some reference should be established for the cross-sectional shape and the manufacturing conditions. Numerical techniques (also for large structural components) have reached a level of maturity such that those can at least support this development. A principal numerical study is being processed along with part two. Nonetheless, more experiments are required.
Structural imperfections. Structural imperfections are residual stresses and variations of the yield strength across the section. The latter can have impact for hotrolled sections, where there is some variation as a consequence of the rolling process. In welded plate girders such effect is only noticed in the heat affected zone (HAZ) and is, therefore, limited to a small area at the junction between flange and web plates. A small hardening (or for some materials possibly also softening) may be noticed. This is usually negligible in terms of Instead, the recommendation says that a "typical" residual stress pattern should be used. This implies that values are somehow known. But usually they are not. Few more or less founded simplified distribution functions are used. However, the decision about which type of pattern fits best and is safesided for a particular problem is eventually on the designer. Two quite common models used in the numerical design are shown in Figure 1 . The 3D stress field is replaced by longitudinal stresses acting symmetrically on the cross section. The stresses are assumed constant throughout the thickness. The shape can be characterized by some sort of trapezoidal or block-like distribution whose borders are determined based on geometrical parameters (either dimensions [14] or plate thicknesses [15] ). However, manufacturing parameters are neglected. The correlation with the material (or the yield strength in particular) is assumed to be proportional. Further, the magnitude in tension is expected to reach the yield stress of the base material. Recent studies, on the other hand, have shown this assumption to overestimate the residual stresses in many cases [16] [17] [18] . As a temporary suggestion, 500 MPa was recommended to be used as upper limit even if the actual yield strength is higher [10] . Finally, the compressive residual stresses (beeing of interest in this study) are determined from equilibrium. Therefore, their magnitude is linked with the level and extent in tension. Limitations on the applicability of the models are not reported, except for the plate thicknesses in [15] which should not exceed 40 mm. The agreement with experimental data (and corresponding simulations) was found to be more or less random in previous investigations [6, 13, 19] .
Numerical welding simulation has been used to determine welding residual stresses in good agreement with experimental data [6, 13, 18, 19] . Yet, the result transfer into subsequent calculation steps remains a problem due to different demands in the simulation of welding and load bearing behavior [20] . The implementation of simulated residual stresses has shown significant deviations of the reduction factors compared with simplified residual stress models. The results indicated a large scatter in the intermediate slenderness range. This scatter band shall be detailed by the following numerical analysis. Obviously, the residual stresses in the flanges have the most significant effect on the column strength. Measured compressive residual stresses have shown amplitudes in a wide range of approximately 0.1 to a maximum of 0.5 times the yield stress. The same range was used herein.
Equivalent imperfections amplitude according to the general method (pure compression). Mostly residual stresses are still not considered explicitly. Their influence is covered along with other imperfections by so-called equivalent imperfections. The general method of EN-1993-1-1 provides the possibility of using eigenmodes. This alternative is particularly useful in complex systems if the software allows for such implementation. The scaling is recalculated based on buckling curves (e. g., European buckling curves) using linear N-M interaction:
where: α is the imperfection factor for the relevant buckling curve, N pl,Rk is the characteristic resistance to normal force of the critical cross section, N cr is the elastic critical buckling load, M i,Rk is the characteristic moment resistance of the critical cross section. The use of the above mentioned method was presented in [21] in case of resistance verification of laterally restrained beam-columns. To access the global effect of imperfections, the comparison with the resistance of perfect elements is also very useful [22] .
Parameter studyBuckling of columns
A parametric study on welded plate girders under uniform compression was carried out. Girders of different slenderness ratios of λ z = 0.6, 0. Figure 1 . The transition area is slightly simplified and the peaks of the distribution are parametrized (see Figure 2b) . Figure 3 presents the comparison of minimal (L/10000) and maximal (L/750, tolerance limit according to EN 1090-2) bow imperfections with those determined according to the general method for buckling curve "c" with respect to slenderness ratios λ z . It is well visible that equivalent amplitudes based on EC 3 are much higher than those limited by EN 1090-2, but they include the influence of all imperfections, whereas in the latter case only bow imperfection amplitudes are taken into account (other imperfections must be considered separately). In case of EC 3, the relative slenderness ratio of 0.2 distinguishes the range of characteristic values of the cross section resistance and the member buckling resistance. Numerical aspects of constructing the cross section resistance interaction curves of I-sections by numerical modeling of stocky beam-columns ( λ z < 0.2) are described in detail in [23] .
The distribution of post-welding residual stresses was assumed in accordance with Figure 2b with tensile residual stresses in the vicinity of the weld and equilibrating compressive residual stresses elsewhere. For simplicity, magnitudes are assumed to be constant (also through the thickness). Tensile stresses are assumed as equal to ψ 1 × f y . For steel S355, ψ 1 is 1.0. For steel S690, ψ 1 = 500/690 is used according to a general recommendation in [10] . In case of compressive stresses, we assume that parameter ψ 2 is taken from the range of 0.1 to 0.5. A systematic variation in steps of 0.1 is used to illustrate their potential impact in conjunction with some initial crookedness. These values are the same in the flanges and the web in this study. Hence, widths (α × t f ) and (β × t w ) are calculated based on equilibrium.
The distribution of post-welding residual stresses in the flanges is evaluated from the following equation: 
which finally leads to the result:
Analogically, the distribution of post-welding residual stresses in the web follows due to:
which gives:
The output of Equations (5) and (7) is given in Table 4 for the flanges and in Table 5 for the web. Residual stresses were strictly simplified in comparison to real distributions. Especially for thick plates the variation through the thickness can be quite strong locally. Neither do we have the same stresses in the flanges and the web. Nevertheless, it is known that the yielding starts from the flange tips in case of weak axis failure [6, 20] . Therefore, the influence of an advanced distribution function does not necessarily reward the expense in modeling. Accordingly, the focus of this particular study is the amplitude in compression only. Hence calculated tensile block widths (due to equilibrium) should not be mistaken.
Numerical modeling
The analyzed welded girders are simply supported ones and fully restrained to warping at both ends. Figure 4 shows the girder FEM model developed by using shell finite elements S4R (4-node element with linear shape functions and reduced integration). Calculations were carried out by ABAQUS/standard software using moderately large deformation theory (available in ABAQUS through NLGEOM option). Steels S355 and S690 were assumed to be elasticplastic isotropic materials. In case of elasticity, the classical Hooke's relationship is assumed with Young's modulus equal to 210 GPa and Poisson ratio equal to 0.3. The plastic properties of the materials are described by plastic flow theory with HuberMises yield condition and isotropic strain hardening with modulus equal to E/1000. The relationship between stress and strain components in the uniaxial tension test is given in Figure 5 .
The buckling resistance was assessed based on static equilibrium paths. The use of the Newton-Raphson incremental iterative algorithm (available in ABAQUS through STATIC GENERAL) with displacement control parameter allowed obtaining descending branches of the load-displacement curves so that the equilibrium paths represent both, pre-and post-limit behavior ranges. The load bearing capacity corresponds to the limit point on the path obtained for different values of bow imperfections and residual stresses. The incorporation of the residual stresses as initial stress field in ABAQUS is shown exemplary in Figure 6 .
Results (FEM buckling strength of welded plate girder subjected to pure compression)
The next section presents the results of buckling strength simulations for steels S355 and S690. The list of girders and corresponding cases taken into consideration were presented in Tables 2 and 3 Figure 7 presents the static load-deformation curves in case of slenderness ratio λ z , factor ψ 2 = 0.3 for steels S355 (see Figure 7a) and S690 (see Figure 7b) . Equilibrium paths corresponding to the use of the general method (only geometrical bow imperfections are taken into account) seem to be smooth in the region of critical point, whereas in cases where residual stresses are considered, characteristic peaks are well visible (extremes also occur earlier). The increase of bow imperfections amplitude generally results in "smoothing" of the equilibrium path. Figure 8 shows deformations and equivalent stresses (v. Mises) corresponding to limit points on equilibrium paths in case of λ z = 0.8 for steel S355. Outcomes of the general method (GM_EC) were compared with those resulting from the application of the initial bow imperfection amplitude equal to L/1000 taking into account residual stresses with the factor ψ 2 = 0.3. Quite different stress distributions were noticed. Plastification always started at the inner radii of curvature. However, in case b2) PEEQ was smaller than in case a2), because the extreme on the equilibrium path occurred earlier. Also, the deformation was smaller in case b). The residual stress effect on the plastification progress was discussed, e. g., in [24] .
Results of steel S355 are presented in Figures 9 to 13 in form of buckling curves, whereas the outcomes of steel S690 are shown in Figures 14 to 18 . The impact of the distribution of residual stresses on the load bearing capacity is crucial for elements with relatively small slenderness ratio λ z . In case of slender members, the value of bow imperfection is of increasing importance and the influence of residual stresses is rather negligible. Furthermore, curves obtained for steel S690 are situated only slightly above those determined for steel S355.
Discussion
Buckling curve "c" is in good agreement with the results using the bow imperfection amplitude according to the general method in EN 1993-1-1. Calculations showed a wide scatter in load bearing capacity in case of separate definition of both, bow imperfections and residual stresses. The compliance with buckling curve "c" was best in a range of comparatively high residual stresses (ψ 2 = 0.3-0.4). However, the shape of the buckling curves was quite different at this stress level compared to that of the European buckling curves with some parts being both, above and below the reference line. In terms of European buckling curves, this means that this case should have been assigned by multiple curves. Regarding the bow imperfection amplitude, their particular influence in case of low slenderness is cut at higher residual stresses. This conversely means that the effect of the bow imperfection amplitude is utilized especially in case of comparatively low residual stresses. If the reduced bow imperfection amplitude cannot be reasoned, L/1000 is still recommended as the state-of-the art manufacturing tolerance. These conditions are quite conservative, but they offer great potential for further optimization. The influence of residual stresses was significant and is illustrated again in Figure 19a for steel S355 and initial bow imperfection amplitude equal to L/1000. Values are also given for the bow imperfection amplitude equal to L/3000 for comparison in Figure 19b (this value was discussed for welded profiles at the beginning [12, 13] ). The difference in load bearing capacity in the cases with ψ 2 = 0.1 and ψ 2 = 0.5 reached its maximum at λ z = 0.9. For lower stress levels, this maximum was shifted to lower slenderness with λ z = 0.8 for ψ 2 = 0.4 and λ z = 0.7 for ψ 2 = 0.2-0.3, respectively. Similar values apply for steel S690. The corresponding nor- malized values showed only minor differences (in general, values were slightly increased for S690). As a result, the assignment of a respective buckling curve could shift theoretically from curve "d" (even lower) to curve "a" and perhaps to "a 0 " for some cases. This shows the recent lack in assumptions. Real imperfections differ significantly based on geometry and manufacturing conditions but also with respect to material. For the residual stresses, it was previously found that the common assumption of a proportional increase of residual stresses with the yield strength was incorrect [13, [17] [18] [19] . This means that the buckling curve assignment in EC 3 was conservative with increasing yield strength using the same buckling curves for a wide range of constructional steels (S235 to S700). In [9] , the buckling curve assignment in S690 was at least one curve higher compared to that of a respective S355 curve.
Residual stresses in steels S355 and S690. Simulations for conventional S355 and S690QL taking into account phase transformation effects (PT) were presented in [18] . Validation was based on measurements on component-like I-girders [25] . The investigated geometry is in accordance with the geometry given in Figure 2a . Material data are reported in Table 6 . Welding parameters are summarized in Table 7 . And residual stresses, exemplary of the flanges, are given in Figure 20 . It can be generally said that normalized stresses for the S690 were approximately one half of the corresponding values of the S355.
It was also shown that numerical modeling can reproduce the residual stresses in real components. A significant transformation effect was observed only for S690. Nonetheless, this minor influenced the occurring compressive residual stresses. Generally, results showed the decreased importance of longitudinal residual welding stresses in case of S690. This implies superior buckling curve assignment. A general numerical method that directly incorporates the simulation results previously to the component design is, however, missing. This is due to dimensionality and meshing used in welding simulation on the one hand and capacity analysis on the other hand, but also due to the reduced lengths of considered components in welding simulation compared to that of built components. In a case considering phase transformation effects, differences in the applied material laws also cause problems. A practicable numerical method to account for the transfer into the component design has been presented in [9] for the first time. The model uses initial strains (based on inherent strain approach [26] ) to reproduce residual stresses (and deformations) in the full-structure FE model. Residual stresses were validated. The applicability in terms of weld-induced deformations was also exemplified, but it was verified only qualitatively. Experimental backup is required.
Capacity analysis incorporating realistic residual stresses. The investigations were given for weak-axis buckling. Calculations were made by referring to denotations 1-S355 and 1-S690 in Table 7 . Residual stresses were generated in a previous calculation step using initial strains. Deviations from the ideal shape were taken as the first eigenmode from linear buckling analysis (LBA) and scaled equal to L/1000. Solid element type 185 in ANSYS (Version 16.2) was used. In the case of welding, this was necessary due to the localized initial strain distribution. A 2D mesh was generated and extruded in longitudinal direction to different length (depending on slenderness). Special attention was paid to the 2D mesh generation to keep the element number small enough, but to provide also the necessary discretization density to ensure [18] 59 (2017) 1 that initial strains are applied precisely. Works are ongoing to decrease the sensitivity of the method towards the mesh. Generally, the presented method provides a significant improvement in comparison with existent simplified models. Results of the capacity calculation were presented in [9] . A choice is given in Figure 21 . The reduction factors range at the upper end of the scatter band shown in Figures 9 to 18 . The comparison of the materials showed the superior buckling curve assignment for steel S690 being approximately one curve higher compared to that of steel S355.
Outlook
This present contribution outlines the importance of a suitable imperfection approach in component design. A significant scatter band in the buckling curve assignment was shown. Nowadays, the use of FEM analysis is constantly increasing, also in practice. Hence, it is a substantial matter to provide reliable rules for the future implementation of imperfections. This will help to utilize the load bearing behavior in a better way. The potential seems high, especially in case of high-strength structural steels, since imperfection amplitudes seem to be generally lower. The comparison with residual stress simulations showed that residual stresses in case of steel S690 were only half of the corresponding values in steel S355 in a case with similar welding parameters. A method was referred how to incorporate these stresses in full-structure FE models. The proposed modeling could be used to calculate geometric imperfections as well. However, the imperfection used herein may not only be welding based. Nevertheless, it can contribute to compare the weld-induced deformation in case of different material grades. Using L/1000 for all cases results in conservative assessments. This method (which can be applied for different cross sections as well) and their application scheme for the use in design will be detailed in part two. This will contribute to fill the recent gap between simulation of component manufacturing processes (in particular welding) and their implementation in the component design in advance.
